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Under the termsg qf this granf, studies were méd& of the structure
of the pl;smaSPhere as seén by radiosoundex meaauremeﬁts aboard the
Alovetti~IT satellite. During the early phases of the work; magnetic
tape data files were obtained from the NASA Ames Research Center to give
a reasonably complete set of high latitude electron density profiles.
Owing to internal data processing difficulties, Ames was able to provide

these data only after considerable delay (8 months).

During the period between the initial data request and data avail-~
ability, considerable effort ﬁas expended to develop models of ion flow
in the_tnpside ionospﬁere. These models took both H' and 0+ inte account
and permitted various parameter studies to be made of the various factors
which affect H+ escape in polar wind flows. The results of these studiés
- were published as an initial paper in.the 1972 "Critical Problems in |
Magnetospha:ic Physics" symposium held in Madrid, Spain. A copy of this

paper is included here as Attachment I.

When the NASA data became available, extensive computer programs
were written to display the measured electron density profiles in ways
useful to geophysical analysis. It ﬁas found that the expected mid-latitude
trough was easily discernable in the nighttime ionosphere at 1ocations ex-
pected from similar observations of the plasmapause. In the dayside iono-
sphere, however, it.proved extremely difficult tﬁ find an& trough-like
phenomen& in the electron density. Using the previously developed computer
models, it was possible to study the region where the plasmapause appeafed
to be absent. "It was found that over much of the déyside, large H+ fiuxes

were computed well inside the plasmapause extending down to L-shells as



as low as 2.5. ‘This morming flow has been described in detail as a
paper given as Attachment IL which will soon appear in Planetary and

Space Science.

Fufther studies were undertaken to develop ideas concerning the
relation between the location of the plasmapause as it is found in -the
equatorial plane and the location of the ionospheric trough. Briefly,
it was found that a good correspondence can be expected only in the
nightside during periods of moderate_to disturbed magnetic activity.

In the dayside the trough is at lower latitudes than the plasmasphere
owing to the way H+ must replenish magnetic field tubes of considerable
volume. A paper discussing this effect has been submitted ﬁo the Journal

of Geophysical Research and is included here as Attachment III.



ATTACHMENT I

BEBAVIOR OF THERMAL PLASMA IN THE
MAGNETOSPHERE AND TOPSIDE IONOSPHERE

Peter M. Banks
Department of Applied Physics and Information Science
University of California, San Diego
La Jolla, California 92037
U.S.A.

Introducticn

Radio measurements of whistlers in the early 1950's [1] proyided the first direct
evidence for substantial amounts of thermal plasma (n_ ~ 500/cm”) at altitudes of
several earth radii. Using the charge exchange reaction of Dungey [2], Johnson [3)
identified this plasma as H' of ionospheric origin., Purther interest in the plasma of
these very high vegions was spurred by the spacecraft [4] and radio whistler [5}
discoveries of the plasmapause, and the realization that the high density plasma
_ envelope surrounding the earth was shaped in the form of a distorted torus [6].

Many of the early ideas about the plasmasphere tended to ignore obvicus connection
between the ionosphere and the thermal particles at large distances from the earth.
Although it was often thought that the transition from the 0% of the upper Fop-region
to the H' of the magnetosphere could be described in terms of quiescent equili-~
brium of a diffusive character, Tecent measurements [7] and theery [B] suggest the
extstence of far more dynamic flow states throughout much of the magnetosphers. It is
this dynamic behavior which is the topic of the present review. Although the varieties
of thermal plasma behavior are considerable, it now appears that many puzzling plasma
features of the plasmasphere, the high latitude polar regions and the global topside
jonosphere can be explained im a qualitative, and sometimes guantitative sense.

To set the stage for this review, Figure 1 shows a recent model of the magneto—
spheric environment. Of special interest for the thermal plasma behavior is the
plasmapause, a sharp gradient in electron density aligned perpendicular to magnetic
l~shells ranging from L = 4 in the morning sectotr to L = 7 in the afternoon. A
schematic diagram of the equatorial projection of the plasmapause is given by Figure .
2, taken from the work of Chappell, et al, [9].

There appears to be little doubt that the principal factors inmvolved in the
formation of a plasmapause are the general cross tail magpetospheric electric field,
the co-rotation induced terrestrial electric fileld, and the existence of a finite rate
at which the ionosphere zan provide thermal plasma to the magnetosphere. A simple
model of the plasmapause can be constructed in the following way: The principal
thermal fon of the topside ionosphere and magnetosphere is H" which has its origin
in the upper Fy-region from the charge exchange reaction

s

i

ot +B &S H +o0 ' (6D
kg
with rates k. = 2.5 x 107 7 ® cp3/sec and ko = 2.2 x 1071 ¢ % n3/sec determined

from recent ~experimeants [101.

In equilibrium, (1) gives the H+/0+ density ratio as

@/ ") = 9/8 s /a) (1 /1%, @
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When zn excess of ' is present owing to iInward lon transport, Equatioen (1) actks
#8 a sink, converting g inte 07. When there is a deficit of B resulting from an
outflow of ioms, (L) acts as a source and tends to reduce the O density. These
actions are closely related to the diffusive character of the upper ionosphere and
virtually all production or loss of Bt oecurs in the altitude range 550-900 lm.

When unbalanced pressure gradients, gravity or other external forces are preseut,
plasma flow is rapidly established along the magnetic field lines, 1In the absence of
external electric fields transverse to B, the plasma flow is constrained to be parallel
to F and the steady state density distribution along a field line reflects the
bouyancy of H' in 0% with the lighter gas essentially floating ppon the heavier as a
result of gravitationally induced electric fields parallel to E.

As changes occur In the pressure and density of the OF of the Fy~region,
varlations propagate through the wt plasma and inward or outward flows may occur as
the plasma system seeks a new equilibrium. Tor the most part, however, deviations in
plasma density in the outer sectioms of the field tube aye not 1arg§ and_a typical
equatorlal ion concentration Is of the order 5 x 102 em™ to 5 x 10° cm2 .

. To progress further with the model, suppose that beyond a certain latitude (or

L shell) a transverse electric field is present. If properly oriented, such a field
will drive plasma away from the earth in a direction orthogonal to ¥ and B. If this
field is sufficiently strong, the plasma will reach the magnetopause in a reasonably
ghort period of time (6 to 12 hours) and will be permanently lost to.the solar wind.
The effect of this cutward flow upon the fon density of the region exposed to E will
depend upon the rate at which fonization can flow out of the ionosphere to replace
the fons drifting across magnetic field lines. For HF this flow is greatly restricted
by collisicns with ¢F in the regions below 1000 km altitude and, as a consequence, the
ion dersity of the regions ezposed to the magnetospheric convection electric field is
very low (o, ~ 1672 en3) [9]. Comparing the characteristic ion densities for the
relatively stationary K" and that which is subject to E x B drift, it is seen that the.
plasmapause represents the approximate limit of penetration of the magnetospheric
convection electric field, However, as discussed later, conditions other than

x B drift can give rise to low E" densities in the transition zone of the topside
ionosphere. In such cases, there is no simple relationship between the plasmapause
as seen far from the earth and the fonizatiom discontinuities seem in the ioncsphere,

"Making use of the foregoing ideas, it is possible to explain more clearly the
meaning of Figure 2. In the tail of the magnetosphere, the comvection electric field
lies in the dawn to dusk direction and the thermal plasma flow is towards the earth,
as indicated by the dotted plasma trajectories. Owing to the frozen fiald concept,
there are two ways of viewing this motion. The first is to regard the plasma as being
driven across fixed magnetic field lines. Plasma at amy height above the equatorial
plane is forced to move orthogonal to E and B which, in this case, implies not ouly a
wotion towards the sun, but also a velocity component towards the equatorial plane.
Owing to the convergence of the magnetic field, there is a compression of the plasma
which is not uniferm along a given field line and parallel redistribution flows are
needed to malntain the plasma parallel force balance. Although it is not cbvious in
this formulatjon, the fact that the magnetic field lines are equipotentials insures
- that the E x B velocity of plasma across a given field fine varies in such a way that
the plasma moves uniformly from ome field line to the mext.

The second formulation of the B x B drift problem is based on this last condition.
Plasma and magneric flux tubes are considered to move together with the plasma con=-
tained in a given fileld tube undergoing compressional and redistributive effects as
the [ield tube itself moves under the influence of the external electric field. Plasma
contained in a given field tube can be lost or replenished only through the feet of
the field tube; i.e., a dipolar field tube acts as a reservoir of plasma which is free
to flow parallel to % in response to pressure gradients or other parallel components
of ‘external forces.
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Returning to the diagram shown in Figure 2, the inward flow of plasma from the
tail represents both a compression of ambient plasma and a pet equatorward motion of
plhasma in the iomosphere. As the magnatospheric flow passes the morningside of the
exrth, no further changes in plasma density oecur until the trajectories of the motion
move away [rom the eatrth towards the magnetopause,when a simultanecus rarefaction
and polevard morion of the ionosphere gecur. Although the nightside compression and
&ayside rarefactions are real and important effects, the overall ifom density in this
owter convection rtegion is very low owlag to the very low plasma density in the tail
of the magnetosphere. This, of course, 1s velated to the relatlvely slow rate of
tamospheric plaswa replenishtment.

. Imside the plasmapause the magnetospheric comvection electric fleld is mostly,
st mot completely, absent. As a consequence, the thermal plasma of the plasmasphere
teads to rotare with the earth, or at least with the atmospheric regicms between 100
to 150 km where dynamo electric flelds are generated. Owing to the influence of the
cumvection electric field the idea of co-rotation 1s thought to be progressively
pworer as one approaches the plasmapause [1l]. An indicatiom of the departure from
cw—rotation is given in Figure 2 by the black dots which portray hypothetical
time marks in the equatorial movement of thermal plasma. If one traces the cycle of
wotation batween I » 3 and L = 4, it is found that there is a substantial slowing of
plasna motion in the bulge region; i.e., a westward drift of ionization is present
im the ionogphere as the field tubes are influenced by the convective electric field.
&t lower latitudes such an effect ig absent during magnetically undisturbed times
axsd a more perfect co-reotation is achieved.

i :

Diurpal changes Io the Fy-region produce flows of thermal plasma within the
plasmasphere. In addition, the presence of an afternoon bulge in the equatorial
plasma profile indicates that significant changes occur In the volume of the plasma-
spheric magnetic £lux tubes. In the sunlit sectors these volume changes are primarily
expaunsions with a consequent cooling of the plasma and the establishwent of an upward
wefilling plasma flow from the jonosphere. At night the opposite effect occurs. The
wolume decreases, the plasma is heated, and E' is forced out both ends of the field
tnibe into the nighttime Fy-region. ‘

With the foregoing ideas providing a copceptuzl framework, it is possible to
stody a wide variety of experimental data to provide a quantitative verification.
Each of the following sections is devoted to 2 particular aspect of thermal plasma
bahaviocr.

Effects of B Plow

A brief description of the chemical processes affecting the formation and loss of
H and 0F in the topside jonosphere was given in the last sectiom. Although the idea
wof chemical equilibrium at low altitudes matched by diffusive equilibrium above is a
eonvenient concept, it bears little relationship to the actual flow conditions present
as a consequence of lonization exchange between the jonospere and magnetosphere.

The basic equatfons needed to describe the altitude distribution of d+ and ﬁ+
bave been given elsewhere [12]. Resulis of fon composition computations based on a
realistic model of the topside ilonosphere are shown in Figure 3. At low altitudes
chemical equilibrium is assumed present. Owing to the increase in the ratio n{H}/un(Q)
with altitude, the R density also rises rapidly. To introduce the possibility of wt
 flow, o density rofiles are shown_for four value of the § density at 3000 kmj
i.e., 103, 5 x 103, 8 x 10 g x 103 and 1.5 % 10 ions/cm Each of these
boundary densities corresponds to a different H' flux, the values for the given
houndary gensities Tanging from 1.35 x 108 ions/cm?/sec for the low H' density to
-~2,3 % 10 1on5]cm /sec for the high i density. Since a2 negative flux corresponds to
plasma inflow, the rightmost profile in Figure 3 is typical of a field tube which
supplies the ionosphere with ¥ and, throuih charge exchange, ¢*. Tp a similar mannmer,
the lowest HY densitles are reached when H' flows out of the ionosphere. The condition
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of diffusive equilibrium is not shown, but lies bewezen the two clesely spaced
profileg., The fact that the H* flux changes from 2.5 x 107 iows/em?/sec to -2.1 x 10
ionsfcm“fsec for a 12% change in the A boundary density Eives an indication of the
sensitivity of the ionization flux to the high altitude H' density.

6

With regard to the ot density, a range of values is obtained which depends upon
the B' profile. The most rapid decrease of ot density with altitede in Figure 3 is
associated with the highest density H' profile. Likewise, the least rapid decrease
of 0% density with altitude is found for the. low density #* profile, Such a behavior
relates directly to the magnitude of the gravitational induced charge separation
electric field acting parallel to B. When #* is the dominant ion, this electric field
4s small and 07, as a minor conmstituent, recelves little support so its density de-
ereases rapidly with altitude. When H' is a winor constituent, a large charge
separation field is present and the O density falls off slowly with altitude.

For many purposes the interchange of ionization between the lonosphere and mag-
metosphere is best described in terms of the reservolr model given in the last
section, Within the plasmasphere, £ield tubes daily expand and contract under the
$nfluence of electric fields, thereby inducing continual ionization flow. The mag-
nitude of the HY flux asseciated with changes in the reservoir (3000 km) density is
illustrated iz Figure 4 using the same iconospheric model shown %n Figure 3. 1Ia this
model the H' deasity at 3000 lm is greater than 9 x 103 ions/cm® plasma flows inte
the jfonosphere, while for smaller densities anm outflow oceurs. The extreme sensi-
tivity of the inflow flux to reservoir demsity is apparent.

{ .
& different behavior is found as the H' boundary denstiy is lowered since the
#t putflow rapidly approaches a limiting flux such thar large decreases in density
produce no change in flux. Such a situation is not related to the subsonic or super-
sonic nature of the flow (the density profiles of Figure 3 correspond to subsomic
¥low) but depends upon the rate of diffusion through 0% (the barrier effect) and
the rate of B production via reaction (1) [13].

Since changes in the H+ reservolr density affect the ut flux, it is to be ex=
pected that changes in the ionospheric Fop-region 0t density at 500 km will produce
similar effects. To illustrate this, Figure 5 shows the variation in E* flux when
the 3000 knm #% density ie held fixed at 10 ions/cm3 while the 500 km oV density is
changed. Diffasive equilibrium for the coupled wH/oY system occurs whea the ot den~-
sity is about 5 x 10% fons/emd. If the OF density is larger than this valua, there
will be an ocutflow of H', while a smaller value ieads to an inward flow. Results such
as these are clearly important. to the question of the nighttime maintenance of the
fz-layer [14].

. An important aeroncmical aspect of thermal plasma flow relates to the demsity
of the neutral hydrogen needed to produce any Y flow. The dependence of the Y flux
on this parameter is shown in Figure 6 where three neutral hydrogen densities have
been used with the previous O boundary value of 1.38 x 10 ions/cm® at 500 km. As
hydrogen becomes less abundant, the diffusive equilibrium i boundary density
diminishes, As predicted by theory, the limiting B flux is found ta be directly
proportional to the neutral hydreogen density [13]. Since 7 x 10% atoms/cm? is not
atypical of the hydrogen concentration for moderate solar activity, it appears that
the rate of plasma flow will have a significant variation between solar minimum and
solar maximum conditions. 4n example of the short term changes in neutral hydrogen
density has recently been given by Mayr and Briaton [13].

+ The altitude distribution of H' depends strongly upon its flow speed relative to
O' and the relative H'/O' density ratio. Examination of Figure 3 shows that once vt 1s
the dominant fon there is no apparent differemce between the lnward or outward flewing
solutions. Such a result follows from the basic eguation of metion for HY and helps
to explain why density distributions which seem to be representative of diffusive
equilibrium canm actually correspond to substantial fonization transpert.
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To show this, the steady state H+ momentum equation can be written as

du 1 dp 1 dPe
u___+_,__,__...._+......———---.+3 = - Yo . . (3)
1
dz amnm ds nm ds

where u is the transport parallel to ﬁ’ s 1s a coordinate along %, n and n, are the ﬁ+
and electron densities, m is the HY mass, p = n k Ty and p, = n, k T, are the H* and
electron gas ‘pressures, g, is the parallel component of gravity, v is the wHot trans-
port collision frequency, and the ot is assumed statiomary.

Consider the high altitude case where #Y is the dominant ion; 1.e., n = n,.
Equation (3) gives

du 1 dp
v—t——Ff g =-vu (%)
ds o m ds

where pp - pe + p.
When H+ is the dominant ion far above the Fg-layer, the term v u of (4) is nor-

mally very small, If the flow fs such that the term u du/ds is small, (4) can be
written as

1 dps

—_— — = f . .
n i ds +g|| 0, . (53

precisely the distribution attributed to diffusive equilibrium, even though u itself

may be large and of either sign.

Another feature of {S)Iinvolves the importance of thermal gradients in deternining
the actual density profile. Letting Tp =T, + Ty, (5) can be written as _

1 @&, wmg 1 4T

— =gl — Py : (6)
n, ds kT T ds : :
e 1

s¢ that when 4T /ds 2 mg"lk_thermal gradients, rather than gravity will determine the
altitude variatgon of the H' density. For mid-latitudes, thermal gradients greater
than 0.5°K km will significantly affect the H" aititude distribution, a positive
gradlent reducing the density more rapidly with altitude than would gravity acting
alone, . .

Thermal Flasma in the Plasmasphere

The diurnal exchange of plasma between the topside fonosphere and plasmasphere hag
been indirectly measured by incoherent scatter radars at Millstonme Hill, Massachusetts
and Arecibo, Puerto Rice [16]. The Millstone Hill results show large inward and out-
ward flows on the order 108 ions/cm?/sec during magnetically quiet perids; i.e., whea
the plasmasphere is probably in a steady state conditiom. :

Tha conditions establishing the diurnal flow are found both within the ionosphere
and the magpetosphere. Even if there were a strict co-rotation of the plasmasphere, the
changes In Fy-reglon density and pressure are large enough to drive large K* flows in the
high altitude regions. For example, between 0600 LT and 1200 LT it is not uncommon for the
0t density at 500 km to increase by a factor of five or more. Referring to Figure 5,
such an increase leads immediately to the flux limited flow of ut wvhich, owing to the
large volume of mid-latitude magnetic flux tubes, cannot greatly affect the 3000 km
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reservolr boundsry density for a lung period of time. (If 108 ionsfcmzlsec flow into
2 yolume of 101 cmB, a period of 107 sec is needed to increase the density from
103 jonsfen3 to 2 x 107 fonsfemd.) This implies that for this simple model the plasma
density of the plasmasphere is determined by the relatively long filling time and ’
should oot change greatly from day to day since any surplus reservolr density will be
lest very rapidly {(there is no limit to the rate of inward flow).

Although such a simple model is useful conceptually, it dees not adequately
deseribe the actual varjarfons kmown to exist within the plasmasphere. To begin with,
the Fz—region undergoes continual variatlons which are related to the presence of
thermospheric winds. Since these changes are of a somewhat irregular nature, the
lonization of the plasmasphere must undergo a continual agitatiom with the presence
of compression and rarefaction waves.

Perhaps a more serious variation is related to transverse electric fields having
their origin in the mid-latitude dynamo system [17] and the partial penstration of the
magmetospheric convection electric field inte the guter plasmasphere [18]. The dyname
electric field is established in the lower thermasphere by the flow of newtral winds
driwven by solar heating of the neutral atmosphere. Theoretical studies have shown
that*the electric fields established by the dynamo system result in certain regular

® B drifts which prevent a strict co-rotation of the high altitude plasma. Typlecal
values of E) are of the order 1 to 5 mw volt/m can give ionespheric plasms drifts as
large as 100 mfsec. Such drifts, if directed towards the magnetic poles, imply
changes in the volume of the magnetospheric magnetic flux tubes and a redistribution
of enclosed plasma; i.e., flow between the fonosphere and the plasmasphere.

A more Important effect of the same type arises from the partial pemetration of
the convection electric field discussed in the first section. Referring to Figure 2,
magnetic flux tubes between L = 3 and L = 4 tend to be slower than co-rotation in the
afternoon bulge region and faster in the moraing sector. In addition, fleld tubes in
this same region have simultaneous changes in L value which can greatly alter the
total volume. For example, a field tube at L = 4 in the morning sector may expaand to
L =6 in the bulEe region. (A schematic sketch of this effect is shown in Figure 7.)
Since yolume = L%, there is a five fold Increase in volume, a similar decrease in
ion density, and, if therelation pyY holds, a factor of 15 decrease in the total
plasma pressure, Such a change in the plasmasphere pressure must lead to a replenish-
meat £low of HY with 2 consequent decrease in density in the topside transition-
region; i.e., the flow conditions ¢f Figure 3 apply. :

In the nighttime an analogous ccmpression of high altitude plasma must occur with
there beilng a large increase in plasma density and pressure as the field tubes drift
from L = 6 to L = 4, 1In fact, such a compression of an already dense plasma can lead
to a sharper density gradient at the plasmapause than might otherwlise be empected.

Although it 1s convenient to assume that wotions of fileld tubes are accompanied
by a very rapld redistribution of the thermal plasma along the field tube,such a
process may be sufficiently slow to permit slzeable parallel pressure gradients to
exist. In the nightside compression, for example, there is a differential effect
which tends to compress the plasma more strongly in the equatorial region than at othar
points along the same field tube. This creates a positive pressure gradient which
drives an initial flow towards the earth at speeds of 1 to 10 km/sec.

It is clear from the foregoing discussion that drift motions aecress L shells will
drive plasma into or out of the plasmasphere, While the imnward flow rate has na
theoretical limit, the outflow does and in this situation the o* to HY transition
moves upwards to great heights {see Figure 3).

Effects of Masmetic Disturbances

Observations of thie location of the plasmapause show a strong dependence upon
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magnetic activity [19]. This variation is clearly shown in Figure 8, taken from the
work of Chappell et al. {9] and based on 0G0~V thermal ion measurements in the night-
time reglons. Im essence, increases in the leyel of magnetic activity move the
plaswmapause to lower latitudes through an intensification of the convection electric
fleld. The thermal fonization in the newly expeosed field tubes is rapldly swept away
and an upward flow of " from the ionosphere immediately begins; i.e., the polar wind
is established to the new plasmapause.

As magnetic activity declines, the convective electric field weakens such that
plasma is no longer swept away to thie magnetopause over the region previcusly exposed.
In other terms, the field tubes once again co-rotate with the earth and are subject to
the diurnal ebb and flow effects. However, since wirtually alil plasmz in the field
tube was lost during the disturbance, 2 leng period of refilling must follow before a
steady state is reached. In the initial refilling period the thermal plasma density
is sufficiently low that the upwazd B flux. is supersonic [20]. This fmplies the
formation of a shock travelling down the field tube and an eventual transition te
subsonic flow. The upward flux of ionization is unaffected by these matters, however,
and continues at its flux limited value until nearly steady state conditions are
reached. .

Observations of the refilling procesa have been made [21] using the characteris—
tics of radio whistlers. Owing to the relatively slow rate of refilling, it appears
that' 5 to & days are required to replenish the emptied mid-latitude field tubes.

Since wmagnetic disturbances tend to occur mors frequently than this, the plasmasphera
recovery from one storm may not be completed before another cycle starts. This would
tend to keep the exposed reglons in continual flow and reduce the plasma density below
equilibrium valuas. .

Another aspect of magnetic storms is the way in which the high altitude plasma
of the old plasmasphere is lost. On the dayside of the earth a stronger convective
field results in a drift of plasma towards the magnetopause (towards high latitudes
in the ionosphere}. This-iIs equivalent ta a reduction in plasms pressure and tha
ionosphere responds with an upward " tepleniskment flow. On the nightside there is
a tendency to compress the plasmasphere towards the earth; i.e., plasma is moved in-—
wards to lower L values and lost through parallel flow through the feet of field tubes
to the upper Fo-reglon. This flow will enhance the Fo—layer density and move the peak
to a higher altitude., Again, it must be realized that there is a clear relatiomship
between crosa L shell movements of ionospheric plasma and an associated flow of
plasma along the lines of magnetic force.

Thermal Plasma Behavior at Bigh Latitudes

Several recent reviews have been given of the conditions affecting the topside
thermal plasma in those regions of the earth lying outside the plasmasphere [22].
Owing to the presence of the comvectiom electric field plasma is continually swept
away from the earth in the direction of the front of the magmetopause (see Flgure 2).
This sweeping effect is responsible for slectron and ion pressure gradients directed
along the magnetic field lines. This, in turn, establishes an upward flow of H' whose
source, glven by (1), lies in the upper F,-regilon. Hecause the sweeping action of the

drift is rapid, the plasma densitieS within the magpetosphere ara low and the7
1onospher§ supplies H' at the maximm rate possible with fluxes in the range 7 x 10
to 2 x 10" ions em “sec”

Typical don density profiles computed for a summer polar cap are shown in Figure
9. The corresponding Hz velpcity, glven in Figure 10, indicatea that the flow )
eventually becomes supersonic. Although the term polar wind was originally adopted
[23] to describe this supersonic flow for the regions where the geomagnetic field
lines copnect to the magnetosheath, theory and experiment show that virtually all
reglons outside the plasmapause have large escape flows of #¥. As shown previously,
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the magnitude of the flux is virtually independent of the supersonic conditiom,
Hence, the term polar wind can be used to describe the gemaral high latitude plasma
escape process, even though the flow itself may not be supersonie at a glven altitude.

To illustrate the geographical extent of the pplar wind, data obtained from
Explotrer 31 measurements [24] are shown in Figures 11 and 12 to represent summer and
winter conditions. Each solid line represents an observation of greater than 1 kn/sec

flow, while the dotted lines indicate perigds when no flow was seen._ The fluxes
were found to be of the order 5 = 107 ions/em®/sec in the swmmer and 10° ions/em®/sec
in the dark winter polar regions. The difference probably arises from a change in
neutral hydrogen density associated with different temperatures of the thermosphere.

Independent evidence for the polar wind flow outside the plasmapause has recently
been found in high altitude Alouette IT electron density profiles. To illustrate,
profiles of electron demsity as a function of ipvariant latitude are shown for five
altitudes in Fipure 13. This nighttime pass shows the presence of a sharp plasmapause
near 60°A. Inside the plasmasphere the electron density contours are closely spaced,
indicating a large electron density scale height and the presence of H' in subgtantial
quantity. Poleward of the plasmapause a more erratic behavior is seen with the high
altitude variations between 67° and 74°A representing auroral zone heating. Evern in
this region, however, the electron density contours give plasma scale heights of the
order of 400 to 600 km; i.e., typlecal of 2 alone. Detailed analysis of records such
as these has shown that the presence of ¢ to 2500 kn ¢an be explained only if the
- neutral hydrogen dangity is very low; fi.e., much less_than 104 em 3, or if there is a

polar wind flow of H' with a flux in the range 7 x 107 to 2 x 109 ions/cm?/sec. Since
measurements [15] rule out the possibflity of the very low neutral hydrogen densities,
it must be concluded that the observed behavior 1s a consequence of H' flow. Another
example of this behavior at high latitudes is shown in Figure 14, :

The schematic trajectory of plasma drift ac high latitudes can be obtained from
Figure 2 through projection of the dipolar field lines inte the ioncspheric regions.
Figure 15 shows a typical drift pattern at high latitudes including both the plasma—
pause and the extension of the polar cusp.

Although it is convenient to think of thermal plasma convection In terms of a
steady motion, pumerous experiments have found that convection is stromgest during
polar substorms J24]. While the convection patterns seem to be consistent with the
original theory of magnetospheric convection, the plasma drift is at times greatly .
enhanced. To illustrate, Figure 16 shows the results of a 24 hour measurement of
plasma drift veloecities at Chatanika, Alaska (L = 5.6) obtaimed by incoherent scatter
radar. The data, plotted with the geomagnetic pole at the center of the diagraam,
show that in the late aftermoon and early evening the E * B flow velocities ate
small., With the onset of a substorm near 2000 LT a rapid southwesterly drift begins.

. Near midnight there is a reversal and the flow is almost due mzst {magnetic). During
the rest of the day the flow is generally directed back over the polar cap. Comparison
of these results with the schematic flow trajectories of Figure 15 shows many similar-
ities, Thus, at least in these disturbed times it can be concluded that the large
scale convective fleld needed to sweep high altitude plasma to the maguetopause is
present. Similar measurements made during pericds of low substorm activity have shown
that the nighttime enhancement of drift velocities is largely absent and the observed
drift velocities remazin less than 150 m/sec throughout the day and night. Although it
might be thought that the slowness of convective drift would lead to a rapid fFilling
of the polar magnetosphere with thermal HY, the time scale for this to happen is of
the order of several days, substantially greater than the time between substorms.
Consequently, the refilling process is never able to create a substantial "+ concen-
tration in the topside fonosphere outside the plasmasphere,

As illustrated by Figure 1, two types of field lines lead from the high latitude

ionosphere: those connected to the magnetosheath and those forming closed dipole-like
loops. When the supersonic polar wind is convected onto a closed fleld line a shock
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front is formed which propapates down the field tube towards the earth. Calculatiaons of
the time needed for this shock to reach the jonosphere apd Gonvert the flow to sub-
sonic speeds indircate periods of 10 to 20 hours. To illustrate, a plot of plasma .
density as a functfon of distance along a convecting magnetic field tube is shown in
Figure 17. Although shock transition -moves towards the earth rapidly at first, it
eyentually slows sc that the actual transitfon to subsonie flow takes an extended
period of time, Since the upward plasma flux is unaffected by this tramsition, it
appears that the polar wind flow muat continue as a general feature for both disturbed
and undisturbed conditfons. [25] . .

Future Studies

Our knowledge of thermal plasma behavior din the magnetosphere 1s based on a
relatively small number of experiments, Many important phenomena thought to exist;
i.e., reconnection shocks, flow of plasma in field tubes, and plasma compression and
rarefraction have yet to be confirmed. MNevertheless, it is clear that the thermal
plasma of the topside ionosphere is not guiescent and must undergo a wide variety of
motions consistent with changes in the underlying ionosphere and the surrounding mag-
netosphere.

Within the plasmasphere the most importanf.study relatas to the validity of the
plasma reservoir concept; i.e., are cross-L drifts of plssma accompanied by iaward or
outward {parallel to f) flows?

Although many studies assume a diffusive type density distribution of plasma along
lines of magnetiec force, proper measurements have pever been made and the actual
density profile may show pressure gradlents assoclated with shock froats or compression |
and rarefraction effects.

Qutside the plasmasphere virtually no magnetospheric thermal plasma measurements -
have been mada to determine parallel flow speeds, temperatures, or ion flux.

In many respects theory leads experiment ip the investigation of thermal plasma
behavior. Before further significant progress can be made it will be necessary to
obtain a better idea of the actual physical conditions present in the various regions
of the magnetosphere,
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Figure 1.

Figure 2.

Figure 3.

Figure 4.

Figure 5.

Figure 6.

Figure 7

.

Figure 8.

Captions

Model of the Earth's Plasmpa and Magnetie Field Environment. The dark arrows
indicate polar wind ion flow ocutside the plasmasphere. Similar flows some—
times present inside this reglon are not shown.

Plaswa Driftc Motiona Viewed in the Magnetic Equatorial Plane. Outside the

plasmapause the convection pattern lead to a loss of thermal plasma at the
magnetopause. Inside the plasmasphere co-rotation effects are most important.
The relative speed of this plasma is indicated by the black dots. Becauge
the magnetic field is of a2 dipole nature, there is a considerable change in
field tube volume implied in all cross — L motfons.

Topside Ion Composition wit] H+ Flow Effects. The model ig based on a 1000k
model thermosphere and an 0 density o£ 1,38 x 107 ions/em” at 500 km., Chemical
equilibrium is assumed at 500 km and H' flow is obtained by Varylng the

density at 3000 km. The numbers above each profile give the B flux at 3000 km.
A pusitive 1 gx corresponds to upward flow. A neutral hydrogen density of

1.92 x 10°/com® was chosen at 500 km, . :

H flux for Bifferent H 3000 km Boundary Densities. The fluxes of Figure 3
are plotted as a2 function of the H+ boundary demsity, Diffusive equilibrium
correspends to zero fiux. Large Y inflow follows for relatively small
increases of density. The B cutflow has a limiting value.

Variation of H Flux wigh 0 Boundary Density The u¥ density at 3000 km
is fixed at 103 ions/cm” and the 500 km ot denaity is varied. Diffusive
equilibrium for H' occurs at n{G") = 5.5 x 10% 1ons/cn®. Smaller values
lead to large inflow while the outflow increases gradvally as larger values
are chosen. .

Variation of H' Flux with Neutral Hydrogen Density. The model given in
Figure 3 was used with different neatral hydrogen densities. Both the
limiting flux and the equilibrium "t density are affected by these changes. -

Schematic Varfation of Magnetic Flux Tube Volume. As field tubes move
across L-shells their velume changes as Volume = L%, Plasma redistri-
butlons are brought about by pressure gradients which move plasma along
the field tube.

Location of the Plasmapause. Experimental OGO-V results showing the
location of the plasmapause foxr different levels of magnetie activity.
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Figure 9. Hipgh Latitude Ion Composition Profiles. Theoretical models were used

Figure 10.

Figure 1il.

Figure 12.

Figare 13.

Figure 14.

Figure 15.

Figure 16,

to compute the ion composition for the pelar regions. The flov becomes
supersonic abeve 4100 km. The large H' flux is a consequence of a
slightly high neutral hydrogen denmity and a large ot density {see Figure
5). )

Profiles of High Latitude H+ Velocity. The profiles axe given for three
model neutral atmospheras and identical F,-regien photolonization rates.
The crosses indicate the point of transition to supersonlc flow.

Experimental Observation of Summer ¥ Flow from Explorer 31. The
arrows indicate portions of the satellite path when data was obtained.
Dotted arrows are plotted for times when no flow was seen (< 1 kn/sec).
The extent of the solid arrows support the ldea of plasma flow im

all areas putside the plasmasphere.

Experimental Observation of Winter H+ Flow from Explorer 31. Owing to
the very low plasma densities relatively fewer observations were
possible. Hevertheless, the ion flow was found in the expected regions
outside the plaswasphere.

Observations of High Latitude Electron Densities from Alouette II. The
topside radic sounder provided altitude profiles of electron density.
These summertime plots show contours of electron density as a function
of invariant latitude in the midanight sector., The plasmapause is

seen in the topside near 60%A while auroral zome heating centers at
7094, The contours indicate only 0" outside the plasmapause; i.e.,

a polar wind flow is present. i :

Observations of Summer High Latitude Electron Densitles from the
Alouette IT Sounder. The lack of gignificant variatioms is typical

of the daytime topside ionosphere outside the plasmapausa. The plasga
scale height indicates the presence of ot and an H" flow of 1.5 x 108
fons/em?/sec can be inferred.

Plasma Drift Motion Qutside the Plasmasphers. The closed curves give
the trzjectories of plasma motion obtzined from projecting the
equatorial drifes of Figure 2 into the ionosphere. The shaded area
corresponds regilons where the magnetic field lines commect to the
magnetosheath. Measurements show that the speed of motion varies
greatly with highest velocities being seen during polar substorms.

Observations of Plasma Convection. These data represent the observed
plasma velocities at Chatanika, Alaska (L = 3.6) on Febzuary 1i-12,

1972 at an altitude of 163 lkm. The dial gives local time and directioas
are related to magnetic north at the center, A substorm is believed to
have started near 2200 LT and comtinued through 0400 LT. The overall
behavior agrees in many respects with the model shown in Figure 15.
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Figure 17. Reconnection Shock Froat Motions. A model of plasma flow along an
1 = 6 field tube has been used to give the downward motlon of the
shock Front which attempts to convert the supersonic polar wind to
subsonic speeds [25]. The shock starts at the magnetic equater and
slowly moves towards the earth. Because convection of the field
tube ig faster than the shock motion a transition to subsonic flow
probably does not cccur. The ET flux is the same in either case,

however.

DISCUSSION

Martelli: Could you expand on the assumptions you have used for your theoretical
model? Ia particular, what expression for the pressure (scalar? tensor?) have you used,
and what stability criteria for the highly energetic fluxes?

Banks: The basic equations are given in a recent paper (Planetary and Space Science 18,
1053,1971). We assume 2 sgalar pressure apd ignore the presence of energetic garticiEE.
Changes in the effgctive H:/0 collision frequency do not greatly affect the H flux
but do alter the H density profile, '

Hasegawa: What effect does the convective loss of plasmapause particles have on the
dynanics of filling a flux tube?

Banks: It is just the convective loss which maintains a low plasma éressure along a
field tube, thereby inducing upward flow.
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Abstract—Vertical profiles of elsctron density ottal
the Aloustte-II topside sounder have bzen :maiy_
topside ionosphere. The cbservations in the i
plasma-pause; i.e. there is a sharp bouadary ¢
Ht flow and the more genile conditicas of i whers llg ions 27
abundance. Ia contrast, :nt-:.e sunlit nm:ur'w 5eTLor 35 B ow iz daduced &
to invariant latitudes as fow as 48°(L = 2- '} i the ragions normally Xnow

34 in the vicinity of the plasmapause using
35 tiz presence of H- flow ia the
"m.v clearly tizz presencs of the
zwand f’g: ons of '70? ar mnd )

v to B2 w Z! .'_mdr’
the plasma-sphers. The upwards H* flux iz g (3 ¥ 10" i2ns om? sec -1y that
the plasma-pause caniot Ee se2n in ths intit o dansity coatours of the topside
ionosphere. The cause for this How remain; nakadwa but it mmay b2 a re;..‘t of a diurnal

refilling process.

1. INTRGDUCTEION

During the past several years there bas Lesn an ircreasing appreciation of the dy-
namical coupling between the ioposphieric Fe-region and the magnetosphere. In the
regions exterior to the plasmasphere bod the £+ of the Fy-layer and the H* of the topside
ionosphere are exposed to the gemerzl magretospheric electric fiekd, As a consequence,
thermal plasma in this reglon uuc_ergoes an E >: 4} drift which leads to plas
magnetopause and consequently to the establishm f
flows of H*. .
For magnetically quict conditions, the plasmapeuse represents the boundary between
plasma which attempts to co-rotate with the Earth and plasma which is exposed to the
magnetospheric electric field. (A recent review has been given by Chappell, 1972.)
Within the plasmasp“ure the bekavior of H* and HeT is governed by ipa Jow along mag-

netic fleld lines in respomse to changes in plasma presmre and chemical con chsmon
Such changes occur at low latitudes as a result of Fy-region Ionizaiion and thermal pro-
cesses and at high latitudes as a consequeres ¢f £ % £ plazma drift assceisted with the
partial penetration of the mawr'efoap‘leric convantion eleetric Seld ipside the plasmapause
boundary. The effects of the £ x £ drift arc espesiclly hu},ormnr in ths afternoon and
evening sectors of the I“I.J.s-..aspmrn where plasmo motions zeress feld lines normally
occur and lead to substantial plasma pressuee gradionts zlogg the lices of magretic force.
The idea of diffusive equilibrium betvean U7 in the Fy-region and the lighit fons of the
topside ionosphere has pzan explored in a nunboer of ”m“"r:‘.c.i[ studies (Mange, 1960;

Kockarts and Nicolet, 1963; Bouar, 1966; Rush and Veak ~.ch-v._'\..1, 1963, Qutside the
plasmasphere, however, measurensats provide
dynamic state with high speed fiows oceuiriag o
depleted of ionization by £ 3¢ & diifts (Brinton ¢

mz loss at ihe
cat of large scale upward polar wind

2 for the existance of 4 ruch more
s aliltades acimg to renlenish regions
1971; Hoilman, 1959; Banks,
* On leave of absencs from the University of Culiforaia, Sau Dixge, U.S.A.
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-
Y

1972). Theoretical studiss of ti 2, Liorunssid, 1970
Mayr et al., 1970) have shown the ffow to consist prizelzally of HY moviag ot specds near
or greater than the ion thermal speed. :

The question of light ion flow within the plasmesphers repfecems a more difficult
probiem. To a largs extent the thermial pl 4 ‘ad }.ha:osoa:lc acis a3 & fuid con-

WIE Reghoi {I0NNs ool biodor, 09

{a

teined in a reservoir with flow along fleld linzs 2 : o ehnnges Dy pressuse or volume

A schematic view of the resarvoir c01:c~pt with i
Duiing magretic storms a luige portion of the ’E‘-‘-1
reservoirs is removed by transverss electric ficlds, o ing away to the
mmagnetopavse (on the dayside) or through ce:ui}fessic-n a‘-:_-d substequeni tawand flow to
tihc lonosphere (oa the nightside) [See Chappell (1972) F 2

cwn in Fig. 1

u: uh,« t.u

- R . 'y

appropriate references]. Foilowing magnetic storms, ionospieric replenishment of the
N

thermal plasma reservoir procszds via O%/H charge excl“._;,g\, in the G00-1056 km region

and an upward flow of H* into the plasmaspher
et al., 971) Caleulations of the thermal pla vir}r for these serinds of refilling
have shown that far out along the magnetic £ ed tubes the H> few is initialiy supersonic
and becomes subsonic only dfter a number of hours have slapszd. In either case there is a
net outwards H* flow for several days.

k, 1971; Evans, 1971a,b; Banks
ol

n small irwad £low
Diffusive Equtlibrium: Static discriduticn af plasza wit]
N af low alcirudes Lo accam=odata ion lessas in tha

Fz-rnsmn

Inward piosma flow

Cxcess plazmo pressure

Troard Diffusive Flav: Plzama movea i=ward and is lsse La che Fo-vazion.
' Spaed af flow may betume supersenic if aXcess alasTa
poassura 1s seificlantly large.

o Qutward plasma fizw

(> Region of iow plesma pressure

e

tc pavalize plas=a pressure.
12 gusersenic 1f sresszuza

Oytwzrd Diffusive Tlow: Plasm2 moves oot
Roeed of {luv miv i
daficic 23 larame. -

Fra. 1. SCHEMATIC VIEW OF COOL PLASMA BEHAVIOR IN THE TOPSIDE IONOSPHERE,



THERMAL PROTON FLOW IN THE PLASMASPHERE: THE MORNING SECTOR .3

For less is known about the dxurnal plasma flow in the absence of rafilling effects
associated with magnetic storms. Imcoherent backscatier observations at Hlilstone Hill
(L = 3-1) and Arecibo (L = 1-9) have shown the presenss of large (10 fons em™" sec™)0F
flows which zre believed to be sssociated, via charge €‘<C|"E).'19_s,, with Hv Zow into the
plasmasphere (Evans, 1571a,b; Ho and Mooreroft, 1972). Theoretical studizs based on
the equations of continuity and momentum conservation for OF and RY¥ indicate the
presence of large diurnal variations in H* fow (and consequenﬂv G fiovy reselting from
changes in temperature and density of the iocnosphere (07} and of the neutial a,n“osplﬁre
(O and H) [\Ia gy and Banks, 1972; Schunk ar;d Waiker, 1972; Llayr e al, 1972
Moffett and Murphy, 1973; G:laier and Bowhill, 1963; Hanson and Patlorsen, 1964]
Typical calculated results for tie diurnal H* fux ai Millstone Hill are shown ia Fig. 2
taken from Nagy and Banks (1972). '

The currently available direct observations of topside plasma ﬂow are relatively sparse
and give an incomplete picture of the important letitude and local tim= efacts. As sho Wi
in this paper, however, information about H* flows can be deduced from r:-:ct*on density
profiles obtained using high altitude radio scuuders carriad by satellites such as ISIS-I
and Alouette-II. Such proiiles, when inte"preted in terms of mulii-ion co;.u'ruiy ard
momentum equations appropriate to the topsxdu ionesphere, can provics important data
on the spatial and temporal extent of thermal plasma flow inside and cutside the plasma-
sphere.

In the present study, an analysis of Aloustte-II electron dansit y p ofiles has b een made.
The results, discussed in detail in later sections of this paper, revesi the exisiznce of a large
scale upwards H* flow in ine morning sector of the plasmasphere extending from the
post-sunrise regions into the afternoon sector. In latit tude it ap ppears to rang: fro .n tiie dezp
polar cap down to A =+ 45° invariant latitude. The cause for this fow 1 unkaown, but
it could represent either ihe refilling of fiux tubes previously emptizd icto the mght tire
F,-region or the cross-L drifts of piasma associated with the partial penetieticn of the con-
vection electric feld into the plasmasphere.

The experimental data of this paper are discussed in the naxt section. 'The Interpretation
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of the data in terms of mulii-ian modsls is deseribed in Section 3, whilz Dection 4 pro-
vides a general discussion of the results.

2. MEASUREMENTS

The Alouette-II satellite includes a sweep frequency ionospheric soundzr which permits
an accurate determination of electron deasity us a fuaction of altitade. A complete dis-
cussion of the equipment and method of analysis needed to convert the appnreat range
frequency records into clectron density profiles is contained in papers presented in
IEEE (June, 1959).

For the preseni ana Iy.aia, a large number of vertical prmxies of ez -t o density were
providad by the NASA Amz; m:s“m.x_ Cenier. Vhase P ofiizs vepreszaicsd daia anguired
principally at Ottawx and Resolate Bay, Canada; Winkfald, Esgland; i
California. In order to d"* nguis 3 e elffects of HT fow from ctlier pro
in the top side jonosphare it is ncc---sary to exnning the elactron den ..n}’ Pr
altitude of at least 2500 km and p .
passes having electron dessity profiles extending above Z'C'JO Lmohov
termmine local time, ssasonal, and 1 atitucinal variations in the elzcteo

To demonstrate the characier of the reduced data, Fig. 3 presants t
tudinal variation in electron density at fixed altitudes betwesn 300 and 2 -3‘3 i in 5teps of
500 k for 7 July 1968. The local time of this pass extends from 2317 L7 at A == 837
2329 LT at A == 33° (all Intitudes presented are gromagaetic invariand desived
expression cos®/A = I/L where L is the Mcllwain L parameter). :
contours of this figure show ihat the variation of electron density with altituds, mezsured
in terms of the electron density scale height H, defined as

nd ta dc-

Y L (1)
n,dz H,
depends strongly upon invardant latitude. Below the apparent density ininimum near
62°A, the scale heights are relatively large (~ 1300 km) while poxpv'arr.i of this boundary
the scale heig Dhts are smaller (~ 3550 km).

fo A———— A R Lt

E ALTITUCE tkm) -

R RN

2,
LBLER L.
g !

L IIIIlIlI

ELECTRON DENSITY temi ™)
ll'lllqp
N o
33
e 1
1 15 IIIlll

= 73 e/
oL OTTAWA i
0% 7JULY 968 3
: 23I7LT Kp=20 3
[ 0&830UT h
|02 ll!|\|'|I|lllu'll||II'HHI!I:IH‘Ilg_"I'l1u1'|[r‘lltlll‘||ll!!_l_!':
S0 80 ki~ &0 50 - L8] 30 20

INVARIANT LATITUDE (deg)

F16. 3. CONTOURS OF TOPSIDE ELECTRON DENSITY MEASURED BY AtoUETTe-II.
The plasmapauss is readily apparent in the high altitude densities near 61°A while auroral oval
heating is present beiween 66° and 72°A
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FiG. 4. ALTITUDE PROFILES OF ELECTRON DENSITY OBTAINED QUTSIDE THE PLASMASPHERE
: ’ {curve 1) AND TNSIDE THE PLASMASPHERS (CURVE 2.

Light ions are ahsent outside the plasmapause but, owing to the higher plasma temperaturs,
the plasma density is actualiy larger than inside the piasmasphere up taaa altitude of 2200 k.

The transition from large to small scale-heights at 62°A, zlopg with the simultaneous
sharp decrease of electron deosity visible-above 1500 km, represents the topside version of
the plasmapause. To show the differences between the low and high latitude regions in
more datait, vertical profiles of electron density cbtained at A — 70-7°-and 57-5° on 26 July
1968 are given in Fig. 4 where the densities are plotted in temns of geopatential altitudes
to eliminate the variation of gravity with altitude. Using the definition of the scale height
given by (1), curve 1 of Fig. 4, taken outside the plasmasphere, has scale height of 800 km
and is representative of OF at a plasma temperaturd T, - T, = B4CO°K. Curve 2, in
contrast, has a scale height of 3000 km (at 2700 km altitude) swhich aiisas from a mixture
of H* and O™ o

Although it is not of direct concern to this study, the existenca of  high altitude electron
trough is apparent for62° < A < 67°on7 July 1953. The lower latitude edge corresponds
to the plasmapause while the poleward boundary results from changes in scale height
associated with the spatially varying enhanced tzmperatures in the auroral oval. Poleward
of 74°A\ the solar zenith angle becomes less thaa 100° so both photojonization and plasma
heating affect the densitics there. .

Although dat2 such as these provide important information regarding the dynamic
character of the topside icnosphere outside the plasmapauss, ox4 nination of other local
time sectors has revesled the presence of cqually imporiact plasmz fows insida the plasma-
sphere which have not been previously reported. OF pasticalar importance are upward
fiows of thermal H* found in the summer plasmesphers in the 0714 hr LT sector. To
illustrate this feature, several latitudinal clectren density profiies obteined in Junz and
July 1966 at Stanford and Svinkfield are shown in Figs. 5-7 for Incal times batween 0760
and 0800 when the solar —cnith angle was less than 557, For all three pasaes the raaximum
K, at the statt of the puss was less than 1. For the data of 3 July, 1966 the maximui
K, in the preceding 7 days was 2%,
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FIG. 8. VERTICAL PROFILES OF ELECTRON DENSITY FOR 3 Jury 1966 AT THREE POINTS INDI-
: CATED ON FiG, 7.

These profiles show that O+ is the dominant to at least 2500 km and, as discussed in the text,
’ an upward flow of about 3 » 10° H+ jons cm2 sec~! must be present.

In contrast to the night-time latitudinal profile givea in Fig. 3, no discontinuity in
plasma density or scale height is evident at any of the observed Invariant latitudes. The
scale heights are small (300-600 km) and characteristic of O+ alone. Thers is little day to
day variability present at high altitudes (1500-2500 km} which does nct arise from changes
in the Fylayer densities; i.e. normalization with respect to the 500 kin densities tends to
produce topside densities which are virtually unchanged from day to day. Thus, it is
possible to accept the data of those figures as typical for summer merning conditions.

Typical profiles of electron density as a function of altitude, takea from the pass of July
3 1986, (see Fig. 7} are shown in Fig. 8 for A = 72°, 56° and 50°. Wkheq the effect of
gravitational variation is removed, it is found that there is no Important change in scale
height up to 2400 km altitude other than that due to 2 small iacrease in plasma tempera-
ture. As discussed in the next section, such a behavior for the obsarved conditions can be
explained only through the presence of an upwards H* flow of magaituds 108 ions cm~=2
secl, C
To show that such a behavior is not directly related to magaetic activity, Fig. 9 shows
the latitudinal contours obtained on 9 July 1966 when successive disturbances culminated
ina K, of 6 at the time of the pnss. In spite of this activity, the results of Fig, 9 are similar
to the data of Figs. 5-7 and there is no high altitude plasmapauss poosent t) A = 45 even
though a jump occurs in the 500 km base density. Note, however, that the plasma scale
heights are the same on both sides of this change. Such a lack of g tepside plasma density
discontinuity provides a distinct contrast to satellite measureineats fmade further away
from the Earth nearer the cquaterial plane wherz 2 plasmapause is normally present.
(Taylor et al., 1965, 1968; Chappell et al., 1970, 197]).

In order to relate the Alouette-II electron density profiles to the physical processes
asseciated with the distribution of ions and electrons in the topside fonosphere, it is nec-
essary to introduce the equations describing the behavior of multi-ion plasmas. In the -
following analysis procedure, models of the topside ionosphere arc constructed to match
the observed profiles. The esseatial problem is to explain why light ions (H* or He") are
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Fig. 9. SUMMER MORMING CONTOURS OF ELECTRON DENSITY DURING DISTURBED MAGNETIC
CONDITIONS,
Auroral oval heating is present near 70° A while variations in the. 500 km density are
refiected in variations at at higher altitodes.

absent from the summer morning topside fonsphere; i.e. wity tie typical heavy to light
ion transition so readily apparent in the night-time data (compare curves 1 and 2 of Fig. 4)
Is absent in the morning sector (curves 1-3 of Fig. §). Using the models developed in the
next section it is found that such a behavior can only be explained if there is an upward
flow of H+ and He~,

3, FLOW EQUATIONS FOR THE TOPSIDE ICNOSPHERE

To analyze the electron density profiles described in the last section we must establish
a model for the topside ionosphere. Relying upen previous experimental results (Taylor
etal., 1965, 1968; Hoffman, 1969 and others) and theory we assume that O+ is the dominant
* lon in the Fy-region and that H+ i3 present at higher aliitudes. (While there is a possibility
that He* may be present, it cannot affect the present analysis since the models must explain
‘the absence of all light ions.)

For the present model we assume that O+ is the dominant ion at 400 km. Owing to
diurnal changes in ionization rates, neutral wind momentum transfer, and electrodynamic
drifts, short and long term variations are normally present in the O~ density. Thermal
H* is present in these same regions as a consequence of the accidentally resonant reaction.

K
0"'+Hka“'“+0 . (2)

4 ) .
with k= 2:5 x 10787%(H) sec! and &, = 22 x 10-97%(0) sec~! (Banks and
Kockarts, 1973). ' _ ,

In chemical equilibrium the ratio n(H*)/n(O*) can be obtained as

n(H*) 9 n(H) (T.,,) g : 3)
2(0%)  8r(0) \T, _

$0 that at 500 km H* is a minor constituent when thermospheric temperatures are greater
than 800°K. The time constant associated with the equilibrium condition given by (3) is
short, ranging from 220sec in a 750°K thermosphere to 17 sec at 2000°K (Banks and
Kockarts, 1973).

Above 700-8C0 km the condition of chemical equilibrium between O - and H* becomes
increasingly difficult to maintain owing to the cffects of jon transport arising from plasma
pressure gradients and gravity. To describe the electron deunsity profiles discussed in the
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last section, steady state solutions to the equations for the density and flow speed of a
plasma composed of O* and H* are needed. Generally speaking, such a procedurs in-
volves the coupled equations of continunity and momentum conservation for both o+
and H* (see Banks and Holzer, 1969b). However, since the O* fiux is much smaller than
the O*-O limiting flux (~ 2 x 10°ions cm~ sec™1), it is possibic to ignore the effect the
O flow velocity has upon the O* density profile (Banks and Folzer, 1969b; Schunk and
Walker, 1970). In this situation the equation of O* momentum conservation can be written
a5 :
1 dp(0%) 1d '
oD “E(EE_) o o m(Ong = m(O*w(O*, HiYo(E) )
where s is a coordinate along the magnetic field, p{0) = n(OH%k 7, p, = nk 7,
n, = n(0%) + n(H*), g is the component of gravity parallel to the magretic field,
»(O*, H) is the O*-H* diffusion collision frequency, and p(H*) is the H* speed along
the magnetic field. : _
With regard to H*, flow effects cannot be ignored and the density and flow velocity
raust be found from the equations : '

2 EWE)] = ) —BE) () )
_L_dpHY | 1, + M) g = —m(H(H*, 04) o(H) )

n{HY) ds n, ds

where g(Ht) = {ON)n{H)k,, f(HY) = n(0)e,, p(HY) = n(HHET,, and other quantities
are similar to those given in Equation (4). ' _ ,

To obtain the theoretical profiles of ion composition it is necessary to solve Equations
(4)-~(6) subject to givea boundary values. If #(F*) = 0, such sohutions describe diffusive
equilibrium while if v(H*) £ 0, the general fow solutions are obtained describing inward
and outward motions {Geisler and Bowhill, 1955; Geisler, 1957; Banks and Holzer,
1969b; Banks ez al., 1971; Schunk and Walker, 1970). .

For the present study it is necessary to computz ion density profiles consistent with
the observed electron density and the inferred volues of atmospnesic pacameters. This
was done in the following way to obtain profiles over tie altitude renge 300-3000 km:
the observed electron density at 500 km was taken to e a result of H+ and O+ in chemical
equilibrium using Equation (3). Values of the reuiral atomic hydrogen density were
taken from the satellite results of Mayr and Brintan (1971) for June and July 15656, The
density of atomic oxygen was inferred from CIRA (1953) medels based on the solar 107 cm
radio flux with correction for magnetic activity. ' _

In addition to this information, the solution to Lre coupled ion equatiens requires an
additional condition relating to the density or ilux of H* of the upper bowadasy, As
shown later, the H* flux is a relatively poor boundary condition and for this study solutions
to the HY flow equalions were obiained by chu: 3 aspociic value of the HY density at
3000 km. Through variation of this upper bouadary deasity it wag possible to ratch the
obszrved clectron density profile with sufTicieat accuracy to determine the magnitude of
the flux fiowing along the magnetic field Haes. : _

To illustrate this method, Fig. 10 shows tie family of £+ density profiles appropriate
to-a 1000°K thermosphere taken from the models of Banks and Kockarts (1973). The
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Fis. 10. CoMpuTep H* aND OF DENSITY PROFILES FOR DIFFERENT EH* FLUNES AT 3000 km.

The O* density is largest for the smatliest H* profile, and site persa. A 1000°K thermasphers

was used with 2 500 km neutral hydrogen density of 192 0 107 cm~® The plasma temperaturs

(7, + T3} at 3000 km voas taken as 6500°K.

electron temperature profile was computed using an electron heat fiux of 5 % 10% eV
em~2 sec~! with a boundary value 7, (300 km) = 23C0°K and ihe usual electron gas
thermal coaductivity. The ion temperature profile was cbtained using the ion energy
balance equations described by Banks (1967) without thermal conduction. For this example
the magretic field was assumed to be vertical. . -

The individual H+ profiles given by Fig. 10 correspend to different H' densities at
3000 km (103, 5 x 103, 8 x 10%,9 x 10, 15 x 10% ions cm3). Associated  with  cach
of these profiles is @ computed H¥ flux, the magaitude being given directly above cach
curve. Positive vaiues of the flux correspond to outward Sows, negative values show inward
flows. _ , : -

The range of O+ density for the different H profiles is indicated by the shaced region
of Fig. 10. When H+ is the dominant ion, the O* density falls off most rapidly with al-
titude, while when O+ is dominant, the slowest decrease is appropriate. This behavior
resuits from the electric field coupling between O and ¥* and provides aa explanation for-
the rapid ion composition changes observed near the pizsmapause where ¥ fiow becomes
important (ses Banks (197C) for a more detailed discussion of this effect).

For the purposes of the present study, the most important characteristic of the deasity
profiles given ir Fig. 10 is the abrupt change in scale height associated with the trapsition
of the major jom species from GF to HF. For the summer daytine data discussed here, no
such transition was obsarvable in the electron density profiles up to altitudes of 2000-2500 km.
Consequently, it is necessary to suppose that the HT density is low at the upper boundary
and, as a conseguence, that an outward H* flow is prosent. ‘

Although it might be thought that the matching of theory and experiment using this
method would give only crude estimates of the H™ flux, this is not necessarily the case
owing to 2 saturation effect which limits the magnitude of the fiux for a wide rangs of H*
boundary densities. To show this effect, the vilue of tie H¥ fux has been plotted in Fig. 11
as a function of the 3000 km H¥ donsity using tho restlts of Tig. 10, From this plot we
find that diffusion equilibrivm (i.e. no K fiux) cccuis whet #(H e =~ 9 163 em™2,
‘For H* de nsities greater than this value, the flux is inward with a magnitude which increases
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© Fie. 11, Vartation oF THE H™ FLUX AS A FUNCTION OF T#E 3090 km H* pexsiry,
The_eﬁ'ef:t of f{yzx saturation occwrs quickly aad limits the rats at which H- caa leave tha
topside ionosphere. In coatrast, there is no lmit to the vate at which H- can fow iato
. : the ionosphere.

;apidly with increasing H* density. Such a result indicates that any excess plasma con-
tained in field tubes above 3000 km can te re’*ddy transferred downwards to the upper
F-region.

’hen the HY boundary density is lowered below the diffusive cquilibrivm value a
outward H+ fiux is established. Uniike the inward flow, how vever, the outward fow rapxc‘.ly
saturates such that the H* flux soon reaches a limiting valuz and further decreases in the
H* boundary density yield no corresponding change in flux. This behavior illustrates one
aspect of the limiting flux concept d:scus:ﬂd by Hansor and Pattzrson (1964) and Geisler
(1667). )

To apply *he limiting finx idea to the present study the fcllowmw lisz of reasoning has

een used: the H* fiux in sataration region depends only slightly upon H* dznsity when
the H* density is less than the diffusive equilibrium value. Thus, if we assume that the H+
boundary density is equal to the measured electron density at the satellite, we can compute
a lower limit to the flux. Actually, since there is no change in electron dersity scale height
seen at this upper altitude for the present date, the true H¥ density must be much less than
the glectron dens:ty However, owing to the H* fiux saturatior effect, the use of the true,
lower H* density in the computation would not appreciably change the computed value
of the flux. :

While the above reasoning pﬂ.rmts us to coinpute the H‘-‘ fiux when tive election density
profile indicates the absence of eppreciable amounts of H, diificulties arlse when the H¥
and O* densities become comparable near 2500 km. Reference to Figs. 10 and 11 shows
that the H* flow is very sensitive to small changes in the upper boundary density of H~
\'»hen H* is the dominant ion above about [500 k. - fa this situation small caanges in

ke H* density can fead to large changes in the fux and. co.m_qu atly, the neasured eloctron
de.‘ls'ty profiles cannot bz used to y'"“lsct sectrately edtiier the sign or the magnitude of the
Aux. Thus, for example, it is not possitle to use the profiles sho.\ ain Fig. 5 to compute
1* fluxes in the regions lﬂ::df‘ thz plasmasoiiere. Although the apparent ¢

sange in scale
kaicht shows the presence of H* {or perhaps He™), the uncertaintics in wemperature, on
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composition, and atmospheric densities are sufficieat to mzke any coinputation highty
inaccurate, o o

Although chemical 2nd flow effects are most important in determining the overall ion
composition profiles, tiz thermal structure 2ssociated with the electron and ion tempera-
tures cannot be neglected. Reference to Equations (4) and (6) clearly indicates that values
ef the temperatures and (heir gradienis play a part in determining the final result. For the
present data direct measurements of temperature were not available from the Alouette-II
spacecraft. However, the companion sateilite, Explorer 31, did carry an electron tem-
peratuere prope which provided (Brace, personal communication) typica! latitudinal pro-
files of electron temperature for the perieds considered here.

Soluticns for the present model require that the electron and ion temperatures be
specified as functions of altitude. Because the elsctron dersity scale heights were uniformly
small (<800 km) for the summer morning passes tsed here, it was péssibls to assume ihat
O™ was close to a diffusive cquilibrium distribution. Using the experimentally observed
deasity distributions it was then possible to solve the equation

187, mOg,  ddy o )
T,ds ° kT, '"m ds '
for the plasma temperzture, T, = 7, - T;, by integrating downward from the sotellite.
The initial value of T, at the satellite was estimated dgirzctly from the slope of the electron
density scale height at the satallita assuming that O was the dominant jon. Using this
value, Equation (7) could then be used to obtain the plasma temperature, 7,. 25 a function
of altitude,. : , '

It is difficult to estimate the errors in the analysis for the temperature profile. The
values of T, deduced for the sateilite altitude, liowever, agreed closely with the Explorer-31

casurements. In addition, changes in compusition from OF to M+ or He® would give an

apparent 7, higher than true valpe, Using this method, profies for T, were deduced
showing thermal gradients of 0-5-1-0°K km~Y. Such gradients slightly modify the H-
density profils by making the scale keight of H+ smaller than would ba found for isothermal
conditions. However, it does not abscure the transition from O to H+ nor change in any
inpoitant way the H7 limiting flux. : _

After the value of T, was determined, com putaticis of T, and T, were mads by ass uming
steady state conditions for the exchiange of thermal energy between clectrons, ions, and
neutrals using rates previously given (see, for example, Banks and Kockarts, 1973).

4. RESULTS

Using the mathematical models of the jas: zacticn, calculations have been made of the
H* flow associated with the typical summar mown ng Alsustre-IT pass shown in Fig. 7.

For this caleulation, the neutral kydrogen de was tulien foom the resuits of MMayr and
Brinton (1971). The densities of other constitucats were detenmined from standard CIRA
(1985) atmospheric models.

During this summer period the electron dansivy associntad with the Alovette-II
data give no indicztion of H-, Thus, todate; Loonax tazeempuiad lin composition

prodiles have been made assmming that 1+ dorsity af ke saeilins = fude is equal to tie
observed electron density. As mentioned o i :
i
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Fia. 12. CovpuTteDn H* FLUXES FOR 28 JUNE 1966, SPANNING THE RANGE OF THE NORMAL
MORMNING PLASMAPAUSE,

These results show that a large upward surge of H+ must enter the plasmasphere in the morning
sector, .

amount of H+ actually present and a lower limit to the vpward H* flux. Using this method
the H* vertical fux has been obtained as a function of latitede for the data of Fig. 7 and 1s
plotted in Fig. 12. The slight veriation of vertical flux with latituds results principally from
the progressively greater dip angle of the maguetic field. Comparison of Figs. 6 and 13
shows that changes in the electron density profile with latitude introduce very little variation
in the flux, and there is no fiux discontinuity between the polar wind regioas assumed to
exist above 60°A and the interior of the morning plasmasphere extending down io L == 2-3.
The results given by Fig. 12 are typical of all morning sector data examined for the
summers of 1966, 1967 and 1968. However, owing to a lack of atomic hydrogen density
data no attempt has been made to compute H* funes for the later periods. As shown
elsewhere (Geisler, 1967; Banks and Holzer, 19690), the limiting H7 flux is directly
proportional to the atomic hydrogen concentration near 660-800 km. On this basis it
might be expected that these later fuxes would be substanticlly smalier than those found
for 1966. A further diSculty, however, lies in the fact that by decreasing the atomic
hydrogen concentration one moves the normal, non-flow O+/H* transition point to higher
altitudes. Thus, to measure accurately the effiects of fow when the hydrogzn densities ars
low, one must have data extending to altitudes higher than the Alouetiz-If orbit.
Examination of the local time behavior of the deduced plasma flow is made difficult
by the orbital relationships between altitude, loca! time and scason. However, analysis
of electron density for the summer periods in 15671970 indicates that the upward flow
seemns to be present through about 13-14 hr LT, In 1968, however, the neutral hydrogen
densities were much lower than in 19656 and the deduction of ¥ flow could be made only
during passes where the electron density profile was obtained up to at least 2500 km alhtitude.

5. DISCUSSION
The Ht fuxes described here appear to be a normal feature of the morning sector of
the plasmasphere. Although magactic storms are tiought to give similar fiows, the data
used in this study show no obvious differences beiwesa observaiions mads after many
magnetically undisturbed days and those obtainzd during such periods (compare the
contours of Figs . 5-7 with Figs. 9). . '
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The strength of the fow is sulliciently largs to deplete greatly HY in the topside iono-
sphers and greatly alter the OF/H* tronsition altitude. In this situation it is not possible
to distinguish the plasmapause at these aliitedes, ie. there is 1o essential difference be-
tween the high latitude polar wind and the proseat flow observed at midlatitudes. Such a
concluston may also be supported by a recent stedy of topside trougis by Tulunay and

- Sayers (1971) where there were essentially no densiiy troughs obsarved in the morning
secter at Ariel altitudes. However, the Ariel data also refect changss in composition
arising from thermal effects. At higher altitudes of Aloustte-[I, Rowever, the reason for
such an absence of light ions clearly relates to the lack of H* or He™ inside the plasmasphere
at ionspheric beights; Le. a flow of light ions is prasent. Even though the plasmapause is
not apparent in the topside ionosphere there appears to be ao ambiguity in sateliite
measurements made further away from the Earth whers the H* density is observed to drop
to low depsities without any indication of a decrease in plasmapause latitude (Chappell,
personal communication). This lack of correspondence has not yet besa adequately
explained. :

Incoherent seatter measurements of plasma density and drift velocity can 2lso provide
information about the H* fluxes described here. At Millstore Hill (L = 3-1), Evans
(19712,b) has cbserved large upwards O* fluzxes following sunrise and continuing through
late morning hours. Although a large fraction of this flow is associated with ths thermal
expansion of the O in the topsidz ionosphere resulting from increasss in plasma tem-
perature, there appears to be a residual component associated with O~ charge exchange.
and subsequent H¥ flow. Using Millstone Hill data for 23-24 hiarch 1970 Nagy and |
Banks (1972) made computations of the diurnal H* fiux and density arising from changes
in O% density at 500 km. The results indicate an upward flux throughout most of the
morning. However, the H* density at 3000 km was computed to be about 2 x 10 o3,
about a factor of ten larger than is observed in the same local time sactor by Alouette-II.

Although the existence of the morning H* fow appears definite, the causative mecha-
nism remains to be identified. The flow itself represents the effect of plasma pressure
gradients along the magnetic field. It is possible that the Jow arises as a replenishment
of tonization previously lost to the Fy-layer via H*-O charge exchange during the summer
night. Asshown by Fig, 1, the plasmasphere undoubtadly acts as a reservoir of ions which
are able to flow inte the Fi-region when the OF pressure is sufficisntly low (Hanson and
Patterson, 1964). Following sunrise, the Fy-region O+ densities rise rapidly due to
photoionization and, owing to O*-H charge exchange there is a consequent HT flow -
upwards into plasmasphere. _ - '

Although the reservoir idea may be partially correct, it ignorzs the efects of transverse
electric fields associated with the penetration of the magnetospheric elsctric field into the
plasmasphere. Such electric fields on the morningside of the plasmasphere have a tendenrcy

- to drive plasma away from the Earth (see Sharp ez al., 1972) so that 2 pressure gradient is .
established along the magnetic field driving plasma (H*) upwards. Such an effect should
be readily seen in the F,-regicn as a poleward drift of the Foregion plasma. This plasma is
not lost from the Earth, however, since the opposite effect takes pizce in the evening
sector of the plasmasphere where plasma is driven inwards (compressed) and downward
flows of plasma must remove excess ionization from tae field tube reservoirs.

Finally, it is possible that tha flow represents a transfer of ions between summer and
winter conjugate regions (Mayr ef al., 1972}, Such a fiow could arise from the presence of
differential pressures between the conjugate F-regions. In addition, the influx of ionization
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F1G. 13. ELECTRON DENSITY CONTOURS FOR WINTER MORNING CONDITIONS.

There is no evidence for large H+ flows from the conjugate region zlthough light ions are
present below 58°A, .

can result in substantially greater H* densities in the winter topside ionosphere. In con-
nection with this possibility, a typical winter morning pass of Aleuctie-1] 2s seen at Ottawa
is shown in Fig. 13. Although the crowding of electron density contonrs at low latitudes is
suggestive of an H influx, a strong solar zenith angle dependence is also present leading
to considerable variation in plasma temperaturs and Fy-region densities. Examination of
records of this type has not provided zny definite support for the idea of plasma flow
between conjugate hemispheres.. o S =

From the foregoing discussion, it appsars that while the presence of a large scale H*
flow in the morning sector of the plasmasphere seems well established, its cause remains
to be determined. ' '

.
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Abstract

Previous statistical studies on the connection between tbe midlatitude
ion/electron trough and the plasmaspause have employed a variety of priﬁarily
non-physical definitions for the trough position and, consequently, have left
the association of the fwo regions unclear, In this paper we examine these
étudies and propose a éhysically motivated definition of the.midiatitude trough
position which, in combination with new information of the filling state of the
plasﬁaSphere, leads to a clear picture of the connection between the midlatitude
trough and the plasmasphere. We find that within the plasmasphere the important
bﬁgndary which influences the midlatitude trough is the transition from the
inner to the outer plasmaéphere. This boundéry, and the trough,.coincide_with
the plasmapause only under special conditions., The inclusibn of the inner- |
outer plasmasphere boundary in the general picture 6f the thermal plasma
distriﬁution in the inﬁer magnetosphere leads to an understanding of the
relationship between the midlatitude ion/electron trough, the plasmasphere and

the plasmapause,



The Physical Connection Between the'Flasmasphere and
the Midlatitude Ionospheric Trough

C. R. Chappell and P. M. Banks
Department of Applied Physics and Information Science
University of California, San Diego '
La Jolla, California 92037

Introduction

There has been a great dea1 of work done to relate the midlatitude
trough that appears in eiectron and ion density in the ionospheric F-layer
to the plasmapause which is observed at higher altitudes in the magnetosphere,
[Carpenter, 1965, Chappell, 1972]. Since the first observations of the mid-
latitude trough by Muldrew (1965) from Alouette I sounder data and by Sharp
(1966) from in situ ion measurements, various authors have sought to connect
the magnetospheric anﬁ ionosphefic results with # simple physical explanation
{Thomas and Andrews, 1968; Rycroft and Thomas, 1970;.Rycfoft and B“rﬂf%1:'19705
Mayr, EE.EQ#Q 1970]. In these studies limited success has been achieved, at least
for the nightside region, between local times of 2100 LT and 0600 LT. But if the
underlying assumptions and definitions of these stﬁdies are examined élosely,
one finds that the commonality of the ion trough and the plasmapause is far
from established, And, in fact, one finds that physical processes other than
those discussed by previous authors may play the dominant role in establishing
the midlatitude ion trough at a position different from the ionospheric pro-
jection of the equatdrial plésmapause.

In this paper we first examine the results of the early statistical studies
of the 1ocation:of the trough and plasmapause. Following this, Qe present new
data oﬁ plasmasphere and ion trough éharacteristics which offer a potential kéy

to understanding their association. Finally, we present computed models of the



topside ionosphere for diffusive equilibrium and ion flow situations to show
how these models can qualitatively explain the ionosphere and plasmasphere
observations and provide a link between'these two geophysical phenomena.

Previous Studies of the Midlatitude Trough - Plasmapause Association

The early studies of the coincidence of the trough and plasmapause loca-
tions were based on electron and jon density measurements made in the topside
ionosphere by radioc sounders and in situ probes on polar orbiting satellites
as compared with plasmapause measurements made by the whistler technique [Thomas
and Andrews, 1968; Rycroft and Thomas, 1970; Ryeroft and Burmell, 1970; Muldrew,
1971; Brace and Theis, 1973]. The regions of the inner magnetosphere involved
in these comparisons are illustrated in Figure l. Here we show the inner
magnetosphere with the isnosphere and plasmesphere as prominent features. The
specific regions under comparison -are illustrated by part1a1 satelllte orbital .
tracks with comparlson sketches of the expected electron or total ion density
profiles. (The difference between the electron and 1ight ion density profiles is
discussed later in this paper ) The dashed curve represents the track of a
" polar orbiting satellite in the topside ionosphere which measures the midlatitude
trough region as illustrated in the upper sketch. The dotted track covers the
equatorial plasmapause region with the dessity profile illustrated in the lower.
sketch. This lower sketch can be de:ived both from whistier observations and
direct satellite measurements., Given the existence of the two pertiﬁent sets
of data it is natural to compare the results and ask in what way do the trough
and plasmapause compare in position and if they dlffer, why do they, phy51cally7

Figure 2 shows a specific example of in situ ion composition data
measured in the topside ilonosphere by the ion mass spectrometer on dgo 4
(Taylor, Private Communication). Note the trough locations formed by the

decreasing H and the increasing 0 (not too pronounced in this case) in the



..region of about 40° to 70° dipole-iatiﬁude on.eithér side of the magﬁetic
equator, A trough appeérs very prominently in the H+lion-density as a decrease
of about three orders of magnitude through 40° to 70° &ipole latitude. A
transition from H+ dominance to 0+ dominance is also ééen at the trough. This
i1s a typical effect at the nightéide trough location associated with outward
flow of H+ and has been discussed by ﬁinton!gg_gl;, 1971 (also, in theorefical
detail, in Banks, 1972). |

- The low latitude side of the nightside trough is generally attributed to
the presence of the plasmasphere while the high latitude side or “ecliff"
- [Rycroft and Thomas, 1970] is attributed to enhanced ionization and higher plasma
temperatures resulting from auroral precipitation. |

It is important in Figure 2?to note the very broad range of dipole
latitudes over which the ﬁ+ density decrease#; i.e., on the low latitude side of
the trough the initial decrease begins at 30° aﬁd extends to 60° dip latitude.
In L-value this latitude range is approximately from L=1}4 to 4.. Tﬁis spreéd in
L value is compafablé to the maximum variation ip position of the equatdrialz
plasmapause during moderate to éisturbed magnetic conditions and leaves open a
brdad range of latitude at which the trough position could be defined. It must
also be noted that the spread of L-shells of the H+ density decrease on the low
létitude side of tﬁe midlatitudé trough differs from that seen at the plasmapéuse
where the decrease is generally much more prqnounced (up to three orders of
wmagnitude) and 1s confined to a few fenthsvof an L-shell which is about 2° of
létitude at L=4. Typical.examples of the sharpness of ﬁhe equatorial plasma-
fause can be seen in the results of Carpenter, 1966; Taylor et al., 1970;-and_
Chappell, 1972, | J |
From the fo?égcing, it is clear that in making a comparative study between

the ionospheric trough position and the equatorial plasmapause position, one is



forced to adopt specific definitions of éach, and this is where the problems
have developed. |

Identificatidn.of the plasmapause position outside the ionosphere is not
difficule, although.there has been some discussion over whether the 100 ion/cm3
on the iO ion!cm3 density level or the maximum density gradient posiﬁion sﬁould
be used (see Chappell et al,, 1970). The density gradient at the plasmapause is
generally steep enough and prominent enough in most.cases that any of the above
éhoices gives essentially the same result within an accuracy of a few tenths of
an L—shell. |

Such is not the case, however, with the midlatitude trough position. The
wide range of L-shells covered byrthe.troﬁgh has led Fo a number of ad hoc
dgfiﬁitions. Three definitions gmployed in earlier trough studies are shown 7
in Figure 3. In these examples the troughs were defined in terms of the total
electron density and therefore represent the latitudinal profile which results
ftom.;he.summation-of the separate ion densities i. e., from Figure 2, primarlly
H+ and d+. Rycroft and Thomas, 1970 (part (a)), chose the minimum electron
density point in the midiatitﬁdé trough to’define the’troﬂgh”locaﬁion. Iﬁ'
contrast, Miller, 1970 (part (b)), felt that the change in slope at the low
latitude side of the trough bottom provided a more meaningful definition.
Brace and Theis, 1973, chose an intermediate point where a straight line
| apﬁroximation to the electron density profile on the low latitﬁde side of the
trough crossed the 1000 electron/cm3 point. | |

Each of these definitions gives a wide variatidn in the L-shell of the
individually defined trough positions and, consequently, leads to questionable
Tresults when comparisons are made with the equatorial ﬁlasmapause location.

Moreover, it appears ﬁhat the definitions of the trough location are

consistent only with the general idea that the midlétitude'trough must be



associated in somé way with fhe density-decfease at the.equatorial plasma—
pause. In retrospect, it appears that a more physically significant defiﬁi&ion
may Have been overlooked completely. From current theories of ionospheric-
magnetospheric coupling, one would expect that the physically important point
in the midlatitude trough profiles is the point where the density begins to
decrease on the low latitude side of the trough because it is.there that
changes begin to take place in the distribution of ionization in the topsiae
ionosphere as a consequencé of ﬁpward light ion flow. There are certainly
variations in density at low latitudes associated with neutral winds and
perpendicular electric fields which may occasionally confuse the initial density
decrease point. However it is possible in most profiles to identify the point
where the density beginé to decrease, forming the low latitude side of the trough.
In the data presented f:om sounder and in situ probe-eﬁperiments to date this
. point is generally found in the range df L=27to 3. Statistically, this point
is approximately two L—shellg inside the plasmapause position and this glaring
differencermay have obscured its iﬁportance.- Whatever the motivéting reasons,
the previcus trough definitions are non-physical in nature and consequently have
led to some confusioq in understanding the physical relationship between the
trough and the plasmapause, As we show heré,.the-use'of the point of initial
: density &ecrease on the low latitude side of the trough can lead to a clear
picture of the trough and plasmapause association in terms of donospheric- |
magnetospheric plasma exchange,

A further clarification should be made about studies of the midlafitude
trough. This clarification was first pointed out by Taylor and Walsh (1972)
and concerns the importance of stqdyiﬁg the trough signature in light ions as
opposed to total iéﬁ (or electron) density. Tayior and Walsh were able to show

that the 1ight don lonospheric trough, as seen in gt ions, was present at all



local times, as is the plasmapause; and theiefofe provides an improved way
to étudy the trough-plasmapause association. This is particularly true in the
dayside topside ionosphere where the high densities of the dominant photo-
ionized 0+ ions tend to mask the changes in H+ density expected ;t the ionospheric
extensioﬁ of the plasmapause. Although the work of Taylor and Walsh is
important to studies of the trough it does not alleviate the problem of defining
the precise trough position since even if one examines H+ variations (as OprSed
to total ions or ne), the range of latitudes covered by the decreasing density
on the low latitude side of the light ion trough is large (see Figure 2). Never-
theless, if we adopt a trough positionlusing the suggesfed definition of the low-
latitude point where there is an iqitial H'+ density decrease, the light ion trough
position occurs at L-shells which are well inside the statistical plasmapause
position. An example of this behavier can be seen, for example, in Taylor and
Walsh, 1972, Figure 5, where the density decreases in light ions are found in the
rénge.of 30° to 50° dipole latitude. i |
Using the &efinitions discussed above; previous studies of the trough have
reached the following conclusions: -(1). On the nightside (1ocai times of 2100
to 0600} the tfough.position and the plasmapause are close to the same field line
and move to decreasing L-shells with increasing Kp [Rycroft and Thomas, 1970;
Thomas and Andrews, 1968; Burnell and Rycroff; 1970]. (It should be noted that
a definition of the trough was used which g}ves locations roﬁghly two L-shells
poleward of the initial low latitudé, light ion density decrease.) (2) Using
the light ions instead of the total density, the trough can be seen at all
local times and is near the.expected.iénosphgric projection of the plasmapause
(Taylor and Walsh, 1972). (3) Using total electron density at high altitu&es
{>2500 km where 4" is assumed to be the dominant ion) the trough is visible at all

iocal times and appears to be circular at about L=4 displaying, in contradiction to

6-



equatorial plasmasphere measurements, no bulge reglon (Brace and Theis, 1973).
From the foregoing, one.finds that the trough and plasmapause appear to
be co-located on the nightside, buf, from (3) above, the trough appea;; not to
exhibit the prominent bulge region seen in' the outer plasmasphere at dusk.
Although real physical differences may exist between the ionospheric
projection of the plasmapause and the trough, it is worthwhile to ask whethgr
or not the lack of agreement is simply a matter of the ad hoc nature of the
original definitioﬂs; i.e.; if one uses a more physically méaningful definition
of the trough, will there be an improvement in our'ﬁnderstanding of the
association between the trough and plasmapause? In the following work, our
procedure will be to defiﬁe the tfough position as the point of initial decrease
in light ion demsity on the low latitude side of the trough. Using this
definition an examination is made of measurements of the midlatitude trough and

plasmasphere in the light of current theories of thermal plasma flow,

Evidence of Disagreement Between the Midlatitude Trough and Plasmapause

Although we have already pointed out that the statistical studies of the.
trough ~ plasmapause'connection are limited in their successes and challenged
in their basic definitions, the évidénce concerning the disagreement between
trough and plasmapause position is only indirect, The first study showing this
disagreement explicity was made by Banks and Doupnik, 1973, (It was also alluded -
to in an earlier study bj Brinton et al., 1971 in their discussion of a-ﬁt;ansi-
tion region"). Banks and Doupnik examined Alouette II sounder data om the
.electron density profiles of the toﬁside ionosﬁhere {up to about 2500 km) néar
dawn. Using models of the topside ionosphere based on the momentum and.
continuity equation for 0+ and H+,'théy were able to interpret topsidg elect#on
density profiles in:terms of a large upward flow of ﬁ+ ions., ' They found that

this upward flow was present inside as well as outside the plasmapause and could



be found down to invariant latitudes as low as 50°A (L#ZLS). 'At this low
latitude point there was evidence of a trough in the total electron density.

But as Taylor and Walsh, (1972), pointed out, ;his is to be expected be;ause

of the masking effect of the dominant'0+ in the sunlit ionosphere. Part (b)

of Figure 4 shéws three topside density profiles measured at three different
latitudes on the pass, A=72°, 56° and 50°, As Banks and Doupnik point out,
these profiles are consistent with there being a full flow of H+ ions ﬁpward
out of the.topside ionosphere into the plasmasphere. This flow regime is
generally expected in fhe plasmé trough region outside the plasmapause (Brinton
et al., 1971), but it'is surpriéing to sée it inside the plasmapause. Only in |
profile (3), which was measured at A=50° fL=2.5) {well inside the expected
plasmapause position), does the upﬁufn in the dgnsity profile near 2000 km occur.
This upturn is evidence for a transition to a distribution ﬁhere H+ is in
diffusive equinbriuui'.

It therefore appears from these data that the transition from a diffusive
equillbrium dlstrlbution to a polar wind-like upward flow distribution can take
place well inside the plasmapause. Apparently, thg tran51tion is not always at
the piasmapause as has-traditionally been thought and thié.should.have an
important influence on the trough position in the topside ionosphere. There must,
then, be another boundary besides the plasmapause which influences the distribu—
tion of iomization in the topeide ionosphere. |

The Boundary Between the "Inner and Outer" ‘Plasmasphere

The explaﬁatiqn for a transition from diffusive equiliﬁrium to full flow
ion distribution inside ﬁhe plasmapause can be found by considering the filling
- state of the plasmasfhere. In particular, it ié'neﬁessary té aék if all of fﬁe
flux tubes insidé the plasmapause are full of plasma (and therefore in diffusive'

equilibrium) subject only.to.day-ﬁight”ebb'and flow or if some of the magnetic



fielé tubes in the outer portions of the plasmésphere are still in a state of
filling. IXIf the tubes of the outer plasmasphere'have notlcome to diffusive
equilibrium, then there can be large upward flows of ionization pfeseﬁt bn
these flux tubes (an idea of the way filling proceeds is given by Banks et
al,., 1971).

Data on the degree of plasma filling in the outer plasmasphere has
recently been presented by Park (1973). This informatioﬁ is derived from
whistler data and gives the length of time required for the flux tubes inside
the plasmasphere to reach a saturation level following a geomagnetic storm.
Some of Park's recent data are shown in Figure 5. Here the measured total
electron content of flux tubes ranging from L=2 out to L=6 are plotted as a
funetion of time following an isolatea magnetic:storm which drove the plasma-
pause to L-shells as low as 2 or 2.5, The storm onset occufred on June 16,
1965, The-cﬁrves show the subsequent tube coﬁtent starting on June 18 and
continuing through June.25. It is seen that as the tﬁbes £fi11 they eventually
reach a saturation value of total electron contenf which increases with increasing
L as a consequence of increasing fqu tube wolume.

An important aspect of these meaéurements is the nﬁmbér.of days réquired
for the flux tubes to feach.a saturation content. Using correlated bottomside
sounder data from several stations during this period Park has also found that
the Fz—peak of the ionosphere was abie to recover to its average density in a
period of about three days but it'tﬁok uﬁ.to'eighf déys for the plasmaSphere
flux tubes near L=4 to reach saturation, and in this case the plasmapause iﬁself
is estimated to be Outsidé qf L=6. Tﬁerefore, we see data that following a
magnetic storm thefe is a Boundary éstablished earthward (equatbrward) of the
post storm plasmaﬁause inside of which the ionosphere and piasmasphere have

reached a near diffusive equilibrium distribution and outside of which the flux



tubes are still filling with large upflows (Park has estimated the daytime
upflow to be 3 x 108 ions/cm2 sec at 1000 km with 2 nighttime downflow of
1.5 x 108 ions/cm2 gsec for this case). As illustrated iIn Figure 5, this'
boundary between the "inner and outer" plasmasphere expands gradually outward
(and poleward) to higher L-shells. Note that the boundary is at L=2.5 on
June 18 (2 days after the storm) at L=2.7 on the 19th, at L=2.9 on the 20th and
g0 on, The precise position of the inner-outer plasmasphere transition can be
quite variable but in gemeral it should depend on: (1) the length of time
since the previous magnetic storm and {2) the magnitude of the preﬁious storm,
i.e., the innermost penetration of the plasmapause. |

Figure 6 shows a conceptual view of the thermal plasma regimes in the
magﬁetosphere with the addition of the new boundary of the inner—oufer plasma~-
sphere. The innermost or lowest latitude region comprises the inner piasma—
sphere. Here, the flux tubes are "full" and have reached diffusive
equilibrium, The outer boundary of_this-region is initiaily éo-locaged at the
storm time plasmapause position and moves-outward as the plasmasphere fills and
the plasmasphere and-ionosphe;e come_intd diffusive equiiibrium (or reach fhe
Ysaturation level" as described‘by Park). 'Nevertheléss, the inner-outer plasﬁa—

sphere boundary does not always have to begin at the previous storm-time plasma-

+ .

pause. One can envisage a situation following a large magnetic storm where the
inner—outer plasmasphere_transitioﬁ zone beglns to move outward in response to
filiing during a very quiet period. Then, the onset'of.a very émall magnetic
storm could mové the quiet time plasmapause inwa;ds to lower L—shellé but not
‘completely into the inner-outer boundary which would continue to fill and move
outwards. . _ ' . |

Thé second zone shown in Figure 6 is the outer plasmasphere. Here_tﬁe

flux tubes are in a filling state with thelr plasma distribution in an inter-
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mediate state between diffusive equilibrium and full flow. In this region
there are large uﬁward flows.of H+ each day gven thoupgh they have sipnificant.
densities of lons collected near_the equatorial plane (See Park, 1973, Figure 3).
The outer plasmasphere is bounded on the inside by the inner-outer ﬁlasﬁasphere
transition, and on the outéide by the piasmapause. If the global magnetic
activity remains steady, the outer plasmasphere can gradually fill until fﬁe
inner-outer plasmasphgre boundary reaches the plasmapause position.

Qutside the plasmapause the plasma trough is a region éf full upward H+
flow similar to the outer plasmasphere with the exception that in this region
the flux—tubes‘are.emptied approximately once each day in the afternoonfdusk
sector by the effects of the magnetospheric conveétion electric field (see
Review by Chappell, 1972). Altéough both the outer plasmasphere and plasma-
trough regions are probably regions of full H+ flow, the plasmapause position
is still quite evident between them because of the loss of ionization each day '
in the plasmatrough'and the steady accumulation of ionization in tﬁenouter_
plasmasphere. | | _

Finally, the polar cap ;ector of open magnetic-field line is also é full
upward flow region (see Bénks and Holzer, 1969), Here the ion flow is along
open field lines and ?s a continual outflow with no accumulation in the equatorial
reglons as occurs in_the'other zones. |

The Effects of the Inner-Outer Plasm39phere-Boundary on the Topside Ionosphere

The upward plasma flows in the different regions shown in Figure 6 can
have a significant effect up6n jon and electron densities in the topside
jonosphere, The expected effects are-illustrated in Figure 7, taken from Banks
and Doupnik, 1973. This figure shows the distribution of 0+ and_H+ as a
function of altitude for a variety bf_flow conditions ranging ffom a downward

flow of 2.3 x 108 ions/cm2 sec at 3000 km to an upward flow of 1.35 x 108 ions/em2
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sec. The shade& area shows the range of the 0+ distribution of the eifferent
H+ flows with the upper curve of the sﬁaded area corresponding to the upward
flow of H+ of 1,35 x 10B ions;’cm2 sec, .The details of the eolution of the
different flow distributions are given in Banke and Doupnik, 1973. Similar
solutions have also been given by Mayr et al., 1970 and Brinton et al., 1971,
to illustrate the changing topside fonosphere distribution at the plasmepause.

In Figure 7 the varying flows that are illustrated are a direct result
of the external plasma pressure on the topside ionosphere. This varying pressure
is a direct reeult of the degree to which the flux tubes have been filled and
how the ionization has distributed itself along the field line during filling
(see Mayr et al., 1970 and Banks et al., 1971, for a discussion of the fillimp).
At 2500 km, for example, there can be over an order of magnitude change in the
density as one goes from a zero upflow (arrow) to an upflow of 1.35 x lO8 ions/
cm2 sec. Therefore, when a sateiiite at 2500 km passes from the inner plasma-
sphere to the outer plasmasphere, it pasees from a diffusive equilibrium or low
flow region to an intermediate filling region which still contains large upflows.
As a consequence, at this boundary there should be a density.drop of an order
of magnitede or mbre.

This effect is schematically”illﬁsfrated in Figure 8 where the expected
2500 knm electron density is shown for increesing L-shells rangiﬁg froﬁ the
inner plasmasPhere.into the plasmatroﬁgh and'aurofal zone, * Within the Inner
plasmasphere tﬁe density remains relatively eoestant (excludieg Fz—region
.dynamical effects) until the inher-outer plesmasphere bouhdary is reached.

Here the electron density drops sharply by over an order of magnitude asna
result of the transition from H dlffu51ve equilibrlum to a flow regime.
Owing to uncertalnty in the way plasmasphere refilling occurs, we have included

two dashed curves as alternative ways in which the density fall off might
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appear with increasing L. Uﬁtil we can gain further information on the
~actual disrribution of jonization along field lines iﬁ refilling regions we
can only speculate on how the plasma pressure in the'topside ioncsphere should
vary with L-value in the f11ling region of the 6uter plasmasphere., Tt may be
possible, however, to use existing satellite data on the measured slope of the
low latitude side of the trough to gain informatiop about the pressure changes
in the outer plasmasphere.

If the outer plasmasphere region is in full upward flow, there should be
no trace of the plasmapause in the topside jonosphere., If the external pressure
- difference (parallél to the magﬁetic field lines) presént_at the plasmapause can
be transmitted to the topside i?nosphere, then there would be a change of flow
with a cdrresponding change in toégide density. Finally, the auroral zone and
polar cap portion of the topside #rofile is strongly affected by variations.
An Fz;layer density ionization caused by eiectron precipitation.

The effect of the inner-outer plasmésphere boundary in forming the low
1atinﬁde edge of the topside ionospheric trough has Been verifiéd by at leaét
one correlative study of the twoiregions. Part (a) of Figure 9 shows H+ |
measurements from an outﬁound pass of 0G0~5 through the plasmasphere in the after-
nooﬁ sector at 0133 - 0251 UT on August 18, 1973. Part (b) ofrthe figure shows
an Alouette II pass over the same L-shells about'fwo hours later in universal and.
local time. If one assumes approximate corotation of plasma at these lower L-
shells, the two passes should be 1aoking at very nearly the same flux tubeé. We
note that in the 0GO-5 data there is a sudden drop in H+ density at L=2.6 (giving
evidence of a previdus storm time plasmapapée) and another drop at L=6.5 (the
. normal bulge region plasmapause). The droﬁ at L=2.6 probably represents the
boundary.between-tﬁ; inngr and outer plasmasphere which appears prominently in’

_the Alouette II density data at L=2.5. This correlation verifies the close
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connection between the midlatitude trough and the inner-outer plasmasphere
boundary.  The density drop of almost two orders of magnitude at L=6.5 in the
0G0-5 data, however, is not obvious in the Alouette data, Clearly, in this
case at least, the density variation which would be characterized as the mid?
latitude trough in the Alouette II data corresponds td the ‘inner-outer plasma—‘

sphere boundary and not the equatorial plasmapause which falls at L=6.5.

The Relationship Betweeﬁ the Midlatitude Trough and the Plasmapause

It appears from the abﬁve discussion that the initial low latitude density
decline associated with the midlatitude trough is the transition zone between the
inner and outer plasmasphere. This boundary is_only occasionally found at the
plasmapause. The most favorable conditions for agreement between the plasmapause
and the low latitude sidé of midlatitude trqugh probably occurs on the nightside when
downflows from the plasmasphere'into the fonosphere are present., In particular,
at the onset of high magnetic activity when the plasmapause is driven to low L-
ﬁalues,the inner-outer boundary of the plasﬁasphexe and:the plasmapaﬁse are
established simultaneously at about the same L-shell. A second possible set of
circumstances leading to co-location of the plasmapause and trough could be after
a long period of steady magnetic disturbance during which the inner-outer plasma-
sphere boundary has filled out to the corotation*copvection boundary which cfeates
the plasmapause. Such a situation would reﬁuﬁre that the plasmap%use position
remain steady during a éoﬁplete f11ling time (abouﬁ 5 to 8 days).

What 1s the sigﬁificénce of the dayéid; trough? In tétai ion/electron
~density it probably rePresents only the decrease in D den51ty with increasing
latitude arising from a decreasing solar zenlth angle on the low latltude side
and the increase_ip density due to precipitation in the polar cusp'on the high
latitude side. In lighﬁ ions the dayside trough probably is the sipnature of

the Iinner—outer plasmasphere boundary which can be the same as the plashapause
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6n1y for the special filling conditions discussed in the previous paragréph.
Does one expect a "bulge” in the midlatitude trough which is present in
the plasmasphere? This does not appear to be the case for sevefal reaéons.
First, the inner-outer plasmasphere boundary is generally found at relatively
low L-shells (L=2 to 3) where corotation is the.dominant influence on the drift
of flux.tubes{ The convection électric field should have very little influehce
at these low L-shells and, consequéntly, the projection of this boundary would
be nearly circular. Consequently, its signature in the ionosphere as the lbw
latitude side of the trough should also be roughly circular. A second reason
for a circular trough within the topside ionésphere may be associated with the
fact that if fhe tubes of the inner plasmasphere did drift to higher L-shells
in the dusk sector, théir volumes wopld incréase and the resulting lowering in

pressure would induce an upflow of H+, thereby eliminating the trough signature.
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Summary

In this paper we have introducéd the effect on the topside ionosphere
of the inner-outer plasmasphere boundary as.defined by Park and have suggested
that it is the dominant factor influencing the low latitude éidé of the mid-
latitude ionospheric trough. It appears that_the plasmapause and midlatitude
trough are co-located.only for special conditions and that previous statistical
studies have failed to show this distinétion because of somewhat arbitrary
definitions of the trough position. The agreement between the point of initial.
density decrease on the low latitude side of the ionospheric trough has been
substantiated in a limited number of cases through the use of 0GO-5 and

Alouette IY correlative data.
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Figure Captions

Figure 1 ~ A sketch of the inner magnefosphére showing the plasmasphere and the

' ionosphere., The dashed line illustrates the path of a polar orbiting satéllite in
the topside ionosphere. A sketch of the_expécted topside density profile is shown
in the top right-hand side of the figure. The dotted line illustrates an equatorial
orbiting satellite paés through the equatorial plasmasphere with the expected density

profile shown in the lower right-hand corner of the figure. The shaded region rep~

resents the plasmasphere,

Figure 2 ~ An example of ion density measurements in the topside ionosphere as
measured by the mass spectrometer on the Ogo 4 polar orbiting satellite. The trough

position is evident on each side of the equator at dipole latitudes of 40° to 70°.

Figure 3 — Three different definitions of the ﬁidlaiitude ien trough position,
Part.(a) is taken from Rycroft and Thomas (1970) énd uses the minimum point as the
trough definition, Part (b) is from the work of Miller (1970) and uses the change in
slope as the definition of the-tfbugh. Part (éi from Brace and Theis, 1973, uées

the 1000 electron/cm3 level as the troﬁgh position definition. .

Figure 4 - Alouette II data taken from Banks and Doupnik (1973). Part (a).shéws
the density wversus invariant latitude for severél.altitudes on a dawn (0821 local
time) pass. Part (b) shows three electron densi?y profiles in the topside lonosphere
measured at three &ifferent invariant latitudes along the satellite pass, 72°, 56°

and - 50°.

Figure 5 — VWhistler measurements from Park, 1973, on the refilling of the
plasmasphere followingAthelmagnetic storm of June 16, 1965. This figure shows the
total electron tube content as a function of L‘fqr successive days-begihning.June 18,
2 days following the storm. The tubes are seen to fill up to a satﬁration levei shown
-b§ the‘heavy solid line,
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Figure 6 - A sketch showing the different zones of thermal plasma density in
the magnetosphere. In this sketch the inner plasmasphere has been added to the
previously described regions of the outer plasmasphere, the plasmatrough, and the

polar wind,

Figure 7 -~ A plot of the distribution of Hf and 0+ ions in fhe topside

fonosphere taken from Banks and Doupnik, 1973. The different diétributions represent
changing flux conditions at the 3000 km bqundary levél. The Hf.fluxes at

3000 km vary from 1.35 x 103 ions/cm2 sec upward to 2.3 x 108 ions/cm2 sec down-—
ward. The shaded region reﬁresents the variation in the 0+ profile for varying'H+
fluxes with the top curve of the shaded region representing an upward H+ fluk of

1.35 x 108 ions/cm2 sec. The diffugiﬁe equilibrium or zero flux H+ profile is shown

by the arrow.

Figure 8 ~ A sketch of the expected ion density variations in the topside
ionosphere, The density drops significantiy at the boundary between the inner and
outer plésmasphere. The exact nature of the drop with increasing L is unknown
because of the unknown filling diétfibution of ionization along the magnetic field

in the outer piasmasphere and.plasmatrbugh. The high latitude increase in iﬁnization

is due tc auroral precipitation.

Figure 9 - 0G0-5 and Alouette II correlative data taken on August 18, 1973
showing the immer-outer plasmasphere boundary signature in both the plasmasphere
and topside icnosphere. In this refilling situation this boundary is seen to oeccur

at about L=2.6 well inside the plasmapause boundary at L=6.5.
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